In the developing hypothalamus, the fat-derived hormone leptin stimulates the growth of axons from the arcuate nucleus of the hypothalamus (ARH) to other regions that control energy balance. 
| I N TR ODU C TI ON
The arcuate nucleus of the hypothalamus (ARH) represents a critical interface between peripheral hormonal cues and neural circuits that control body weight (Hetherington & Ranson, 1940; Hewson, Tung, Connell, Tookman, & Dickson, 2002; Mirshamsi et al., 2004; Myers, MUnzberg, Leinninger, & Leshan, 2009; Saper, Chou, & Elmquist, 2002; Schwartz, Woods, Porte, Seeley, & Baskin, 2000; Sternson, Atasoy, Betley, Henry, & Xu, 2016) . Within the ARH, neurons that coexpress neuropeptide Y (NPY) and agouti-related peptide (AgRP) are activated or inhibited by signals that convey information about energy balance (Atasoy, Betley, Su, & Sternson, 2012; Betley, Cao, Ritola, & Sternson, 2013; Garfield et al., 2016; Gropp et al., 2005; Hahn, Breininger, Baskin, & Schwartz, 1998; Zarjevski, Cusin, Vettor, RohnerJeanrenaud, & Jeanrenaud, 1993) . The adipocyte-derived hormone, leptin, is required for central nervous system regulation of energy homeostasis and directly impacts the activity of AgRP neurons to rapidly alter feeding behavior and energy metabolism through connections to a distributed network of nuclei controlling downstream neuroendocrine and autonomic output (Atasoy et al., 2012; Betley et al., 2013, The projections of ARH neurons are established primarily during the first two postnatal weeks, concomitant with a naturally occurring surge in leptin secretion (Ahima, Prabakaran, & Flier, 1998; Bouret, 2004) . During this time, leptin signals through the b-form of its receptor (LepRb) at the level of the ARH to stimulate growth of axonal projections from AgRP neurons (Bouret, 2004; Bouret, Draper, & Simerly, 2004; Bouyer & Simerly, 2013) . Thus, in the leptin deficient (Lep ob/ob ) mouse, AgRP projections to several key nuclei controlling energy balance are severely diminished, including projections to the paraventricular (PVH) and dorsomedial (DMH) nuclei of the hypothalamus (Bouret, 2004; Bouret et al., 2004; Bouyer & Simerly, 2013) . This diminished innervation is largely rescued by treatment with exogenous leptin during the postnatal period (P4-P14) when the surge in leptin secretion normally occurs (Atasoy et al., 2012; Betley et al., 2013; Bouret et al., 2004; Bouyer & Simerly, 2013; Garfield et al., 2016; Gropp et al., 2005; Hahn et al., 1998; Zarjevski et al., 1993) . Moreover, impairments in food intake, adiposity, and certain aspects of autonomic function are improved when Lep ob/ob mice are treated with leptin only during this restricted postnatal period. However, leptin treatment in mature Lep ob/ ob animals is ineffective at restoring normal patterns of ARH innervation (Atasoy et al., 2012; Betley et al., 2013 Betley et al., , 2015 Bouret et al., 2004; Bouyer & Simerly, 2013; Campfield et al., 1995; Carter et al., 2013; Garfield et al., 2016; Grill et al., 2002; Halaas et al., 1995; Huo et al., 2007; Scott et al., 2011; Zhang et al., 1994) , suggesting that the trophic actions of leptin are restricted to a discrete developmental critical period.
Postnatal leptin also appears to influence targeting of ARH neurons to specific parts of the PVH. AgRP neurons project to two broad subgroups of neurons within the PVH: neuroendocrine neurons that send projections to the median eminence and posterior pituitary to mediate hormonal responses, and preautonomic neurons that project to the brainstem, spinal cord, limbic system, and other hypothalamic sites to coordinate autonomic and goal-directed behaviors (Ahima et al., 1998; Biag et al., 2011; Bouret, 2004; Bouyer & Simerly, 2013; Cowley et al., 1999; Saper et al., 2002; Swanson, 2000) . In Lep ob/ob mice, deficits in innervation from the ARH to preautonomic regions of the PVH are rescued by treatment with exogenous leptin during the postnatal period (P4-14) when the surge in leptin secretion normally occurs (Bouret, 2004; Bouret et al., 2004; Bouyer & Simerly, 2013) .
However, leptin treatment from P4-14 is insufficient to restore AgRP projections to neuroendocrine regions of the PVH in males, suggesting that the growth of AgRP projections to individual target regions is not impacted uniformly by leptin (Bouret, 2004; Bouret et al., 2004; Bouyer & Simerly, 2013) .
In order to understand how environmental stimuli presented at different times during development impact programming of CNS architecture, it is important to first define when circuits are capable of responding to leptin. To probe the site-specificity and temporal constraints for the neurotrophic action of leptin on development of ARH projections, we evaluated the density of AgRP projections to the PVH 
| Immunohistochemistry
Mice were anesthetized with tribromoethanol and perfused transcardially with saline followed by fixative (4% paraformaldehyde in borate buffer, pH 9.5). Brains were postfixed in a solution of 20% sucrose in fixative, cryoprotected overnight in 20% sucrose in 0.2M potassium phosphate buffered saline (KPBS), and frozen in powdered dry ice.
Four series of 20 lm-thick frozen sections were collected using either a sliding microtome or cryostat for immunohistochemical staining. Tissue sections were incubated overnight in blocking buffer (0.2M KPBS, 2% normal goat or donkey serum, 0.3% Triton X-100) at 48C with con- Cat# 9131L, RRID:AB_331587) was performed as described above, with slight modification, as described previously (Levin, DunnMeynell, & Banks, 2004 
| Antibody characterization
Antibodies used in this study are summarized in Table 1 , and described in greater detail by corresponding number below. (Nilsson, Lindfors, Fetissov, H€ okfelt, & Johansen, 2007) . A single band between 14-21kDa was recognized following SDS-PAGE in duck total brain and hypothalamic tissue samples (Mirabella, Esposito, Squillacioti, De Luca, & Paino, 2004) . Furthermore, patterns of immunoreactivity in histological staining with AB_91683 are consistent with in situ hybridization data from mouse ARH (Hahn et al., 1998) , as well as our own staining for AgRP in the hypothalamus in developing and adult mice.
2. Polyclonal anti-AR antibody used in this study was generated using KLH-conjugated linear peptide corresponding to the N-terminus of rat androgen receptor as the immunogen according to the manufacturer. Specificity of this antibody was confirmed by SDS-PAGE in African Cichlid fish demonstrating that it recognizes two bands between 70 and 100 kDa corresponding to alpha and beta forms of the receptor (Munchrath & Hofmann, 2010) . In addition, preadsorption with the immunogen followed by immunofluorescence staining in tissue from rat brain sections completely abolished all signal (Munchrath & Hofmann, 2010) .
3. According to the information provided by the manufacturer, polyclonal rabbit anti-estrogen receptor alpha antisera (AB_310305) recognizes the C-terminus amino acids of human, rat, and mouse. forms (Friend, Resnick, Ang, & Shupnik, 1997) . Immunodetection of all bands was eliminated by preadsorption with excess antigen (Friend et al., 1997) . Furthermore, immunostaining in sensory and autonomic ganglia using AB_310305 is consistent with other antiestrogen receptor alpha antisera, and signal is not diminished by preabsorption with estrogen receptor beta protein (Papka et al., 2001 (Marusich, Furneaux, Henion, & Weston, 1994) . Preadsorbtion with HuD protein abolished antibody labeling in western blot (Marusich et al., 1994) .
The antibodies bind exclusively to neuronal antigens and are used in this study to identify the cellular boundaries of the PVH and DMH. Robust pSTAT3 signal is observed in wild-type mice following leptin administration, but no immunoreactive signal was detected in tissue from s/s mice by either western blot or immunohistochemistry (Bates et al., 2003) .
| Image acquisition and analysis
The density of immunolabeled neuronal fibers was measured in dis- (Bouret et al., , 2008 , the density of AgRP innervation in the DMHv was significantly decreased in vehicle injected 
| Neurotrophic action of leptin treatment on AgRP projections to the PVHmp is sexually dimorphic
The density of AgRP projections to the PVHmp was significantly reduced in both male and female Lep ob/ob mice treated with vehicle, and remained low in male Lep ob/ob mice treated with leptin from P4-P14, confirming previous results (Bouyer & Simerly, 2013) . In Bouyer & Simerly, 2013 ).
In the current study, we defined the closure of this critical neurodevelopmental period. The neurotrophic effect of leptin on growth of AgRP projections is quite robust in early postnatal life, extending into the fourth postnatal week, but does not extend beyond P28, after which exogenous leptin is no longer able to rescue innervation of the DMHv in leptin deficient mice. In addition to its temporal specificity, leptin does not appear to affect all ARH projections equally, nor does it function during development of AgRP projections identically in males and females. In females, exogenous leptin treatment is sufficient to rescue the density of AgRP projections to both the PVHmp and DMHv. However, in males, postnatal leptin treatment rescues AgRP projections to the DMHv, but not to the PVHmp, suggesting that leptin facilitates growth of these projections in conjunction with another sexspecific mechanism. Together, the data identify a developmental window of environmental sensitivity, in which ARH circuits are structurally specified, with lasting consequences for metabolic status that may be distinct for males and females (for summary, see Figure 6 ).
| Timing and duration of a critical period for leptin-stimulated ARH outgrowth
Defining the timing of cellular responsiveness to signals that control formation of circuit architecture is essential in the context of obesity and metabolic disease, as it specifies windows of potential vulnerability, or opportunity for circuit manipulation. In the current study, we reveal a critical period of neural development in which leptin (and possibly other stimuli such as nutrition, or other hormones and environmental stimuli) can shape ARH connectivity and function. The use of the leptin deficient mouse allows us to model this manipulation and provides a foundation for elucidation of the mechanisms responsible for developmental plasticity of ARH projections, with implications for circuit programming relevant to childhood metabolic disease.
In the current study, we find that treatment of Lep ob/ob mice with exogenous leptin for an 11-day period, as late as P16-26, restored the growth of AgRP projections to the DMHv. By contrast, leptin treatment from P28-38 was not sufficient to rescue the deficits in projections observed in Lep ob/ob mice, suggesting that leptin loses its trophic action on AgRP neurons at approximately the fourth postnatal week.
There was no discernable difference between early leptin treatments (P4-P14) and treatments during the third postnatal week (P16-P26).
This finding implies that leptin sensitivity during development of AgRP While leptin administration beyond the critical period is not sufficient to rescue large-scale axonal elaboration, synaptic inputs to ARH neurons can be influenced by leptin in adulthood. Acute leptin treatment in adult Lep ob/ob mice reduces the ratio of excitatory to inhibitory synaptic inputs onto NPY neurons within 6 hr of treatment (Pinto et al., 2004) . It remains to be determined whether these rapid plastic effects are under the control of activity dependent mechanisms, or leptin receptor-driven signaling cascades such as pSTAT3 or pERK, which have been shown to be responsible for the large-scale axonal outgrowth examined in the current study (Bouret, Bates, Chen, Myers, & Simerly, 2012) . Nevertheless, it is clear that leptin functions not only to modulate synaptic density and neuronal excitability acutely, but also impacts the organization of ARH projections, which may permanently alter how regulation of these neurons by leptin in adulthood affects other components of metabolic circuitry.
The postnatal critical period for the developmental effects of sex steroid hormones on several populations of hypothalamic neurons displays a temporal organization that is quite different from that of leptin.
In rats, a single injection of testosterone during the first few days of life effects a dramatic masculinization of both brain structure and physiology, and the critical period for estrogen's action appears to be restricted largely to the first ten days of life (Arnold & Gorski, 1984; D€ ohler et al., 1984) . However, steroid sensitivity and timing vary for different cell types. For example, treatment of female rats with sex steroid hormones for 24 hr induces caspase-dependent cell death in the anteroventral periventricular nucleus, but not if the hormone treatment is delayed until after the sixth postnatal day (Waters & Simerly, 2009 ), whereas full masculinization of serotonergic inputs to the medial preoptic nucleus requires prenatal exposure to testosterone (Simerly, Green bars indicate treatment periods that rescued innervation and red bars indicate treatment periods that were not effective). Short duration, 5-day, leptin treatment periods from P4-8, P6-10, P8-12, or P12-16 were not sufficient to rescue AgRP innervation density to the DMHv in Lepob/ob mice. By contrast, longer duration, 11-day, leptin treatment periods from P4-14 and P16-26 were able to rescue innervation deficits in the DMHv of Lepob/ob mice. However, leptin treatment of Lepob/ob mice from P28-38 was no longer effective, suggesting that the critical period for the trophic actions of leptin is closed at this time. (b) Early postnatal leptin treatment also revealed striking sexually dimorphic, target-dependent effects on innervation of the PVHmp. While treatment of Lepob/ob mice with leptin (for 9 or 11 days during the critical period) was sufficient to rescue deficits in projections to the DMHv in both males and females, deficits in innervation to the PVHmp were only rescued in female Lepob/ob mice treated with leptin 2014). In addition, leptin itself has no impact on food intake until P28 (Mistry, Swick, & Romsos, 1999) , despite the fact that the PVH, DMH, and LHA receive ample innervation from the ARH well before this time (Bouret, 2004) . Taken together, these findings suggest that AgRP projections reach functional maturity at approximately 4 weeks of age, when they become refractive to the developmental actions of leptin and achieve adult electrophysiological properties.
| Sexually dimorphic target dependence of leptin action
In our experiments, leptin administration is limited to discrete postnatal periods, but it should be noted that following the postnatal treatments, Interestingly, no sexual differences were detected in expression of receptors for either leptin or gonadal steroid hormones in AgRP neurons. Furthermore, the growth of AgRP neurons to the PVH of WT males and females display similar developmental timelines. Although, the mechanisms underlying the sex specific effects of leptin on development of AgRP projections remain unknown, they may reflect changes in responses of ARH neurons caused by prior exposure to steroid hormones. The ARH exhibits a sexually dimorphic glial morphology as early as P1 (Mong & McCarthy, 2002) , and the number of neuropeptide Y expressing neurons in the caudal ARH is determined by postnatal testosterone exposure (Urban, Bauer-Dantoin, & Levine, 1993) . Furthermore, ARH neurons exhibit sexually dimorphic patterns of synaptic inputs (Matsumoto & Arai, 1980) . Perhaps these reported sex differences in ARH structure impact the ability of leptin to rescue AgRP projections to the PVHmp. The possibility that sex differences in synaptic and neuronal-glial architecture within the ARH may impact the neurotrophic action of leptin should be explored.
In summary, the results presented here demonstrate that the ability of leptin to stimulate growth of ARH axons to their targets is restricted to a discrete time period that extends until postnatal day 28 in the mouse. Furthermore, the data indicate that the density of AgRP containing projections to the PVHmp is permanently specified by postnatal leptin in females, but requires an additional sex-specific factor in males. While age correlations between mice and humans are only general approximations, these data suggest that the corresponding sensitive period for leptin-mediated ARH growth in humans may extend into early postnatal life, underscoring the importance of proper nutrition and hormonal balance during this important period of human hypothalamic development.
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